ABSTRACT The M1T1 clone of group A Streptococcus (GAS) is associated with severe invasive infections, including necrotizing fasciitis and septicemia. During invasive M1T1 GAS disease, mutations in the covRS regulatory system led to upregulation of an ADP-ribosyltransferase, SpyA. Surprisingly, a GAS ⌬spyA mutant was resistant to killing by macrophages and caused higher mortality with impaired bacterial clearance in a mouse intravenous challenge model. GAS expression of SpyA triggered macrophage cell death in association with caspase-1-dependent interleukin 1␤ (IL-1␤) production, and differences between wild-type (WT) and ⌬spyA GAS macrophage survival levels were lost in cells lacking caspase-1, NOD-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein (ASC), or pro-IL-1␤. Similar in vitro findings were identified in macrophage studies performed with pseudomonal exotoxin A, another ADP-ribosylating toxin. Thus, SpyA triggers caspase-1-dependent inflammatory cell death in macrophages, revealing a toxin-triggered IL-1␤-dependent innate immune response pathway critical in defense against invasive bacterial infection.
ptotic bodies featuring cytoplasmic and nuclear condensation (13, 16) , pyroptosis is a proinflammatory process characterized by rapid plasma membrane rupture and release of proinflammatory and immune-boosting cytokines interleukin 1␤ (IL-1␤) and IL-18 (16, 17) .
IL-1␤ has a key role in mediating effective macrophage host defense, promoting upregulation of antimicrobial molecules such as the proinflammatory cytokines tumor necrosis alpha (TNF-␣) and . Although several mechanisms have been proposed for IL-1␤ activation, the best studied involves protease caspase-1, which cleaves the inactive pro-IL-1␤ precursor to its mature form. Caspase-1 activity is predominantly regulated by inflammasomes-multimeric complexes comprised of caspase-1, various cytoplasmic pattern recognition receptors, such as NODlike receptor protein 3 (NLRP3), and an adaptor protein called apoptosis-associated speck-like protein (ASC) (16, 21) . Inflammasome responses restrict intracellular replication of numerous pathogens (13, 14, 16, 17) , and failure to activate inflammasome oligomerization during microbial infections upon loss of a key inflammasome component(s) severely dampens macrophage killing, allowing accelerated bacterial replication (22, 23) . Inflammasome-and caspase-1-dependent macrophage cell death is triggered in the presence of "danger signals" from intracellular pathogens such as Shigella, Yersinia, Salmonella, Legionella, and Francisella spp. (14) (15) (16) (17) . GAS pore-forming cytolysin streptolysin O (SLO) induces NLRP3 inflammasome-dependent signaling to activate caspase-1 and IL-1␤ secretion in macrophages (24) , but the impact of this proinflammatory cell death on bacterial clearance and disease pathogenesis has not been analyzed.
Here we report that GAS SpyA initiates caspase-1-dependent signaling to induce IL-1␤ release. Proinflammatory macrophage cell death triggered in response to SpyA dramatically enhances clearance of bacteria and restricts bacterial growth, attenuating disease progression. Mice infected with an isogenic M1T1 GAS ⌬spyA mutant experience significantly higher bacterial loads and mortality than animals infected with the wild-type (WT) parent strain. The importance of the IL-1␤-dependent innate immune response to GAS was reemphasized in challenge studies of mice with impaired IL-1␤ signaling, which experienced higher bacterial burdens and mortality. Further, Pseudomonas aeruginosa C3-ADP ribosyl-transferase exotoxin A activates caspase-1-mediated IL-1␤ signaling to promote effective bacterial clearance, suggesting that host sensing of this family of toxins by macrophages initiates an IL-1␤-dependent innate defense program.
RESULTS
SpyA is highly expressed in a hyperinvasive animal-passaged M1T1 GAS strain. A global microarray-based genetic screen suggested that spyA is highly upregulated in a hyperinvasive animalpassaged (AP) GAS M1T1 strain with mutations in the covS regulatory locus (3) . In our well-characterized M1T1 GAS human invasive disease isolate (strain 5448) (25) , real-time quantitative PCR (qPCR) results corroborated a 10-fold increase in spyA mRNA levels upon animal passage (see Fig. S1A in the supplemental material). To study the function of SpyA in GAS invasivedisease pathogenesis, we generated an isogenic in-frame allelic exchange ⌬spyA knockout in the M1T1 AP background and complemented this mutant with the spyA gene on an expression plasmid (pSpyA). Successful deletion and complementation of spyA/ pSpyA were confirmed by real-time qPCR and Western blot analysis of a membrane protein preparation (see Fig. S1B and C).
SpyA-deficient GAS bacteria evade macrophage killing. A previous report suggested that SpyA influenced early innate immune signaling (10) , leading us to investigate whether it could be manipulating the host immune response coordinated by macrophages. We infected murine bone marrow-derived macrophages (BMDMs) with WT or ⌬spyA GAS for 2 and 4 h before lysing cells for bacterial recovery (total killing). While no difference was observed within 1 h of infection, we found the ⌬spyA mutant was significantly less susceptible to macrophage killing than the WT strain at 2 h and at 4 h postinfection (Fig. 1A) . By complementing the ⌬spyA mutant in trans with spyA expressed on a plasmid vector (pSpyA), we restored the killing effect to WT levels, with reduced bacterial recovery from BMDMs (Fig. 1A) . Similar results were found in J774 murine macrophages (see Fig. S2A in the supplemental material).
We continued to explore whether loss of SpyA also influences the level of phagocytosis and intracellular survival in macrophages. Using antibiotic protection to quantify intracellular CFU at different time points, increased levels of ⌬spyA were seen at the earliest time point, consistent with the increased bacterial uptake described by Hoff et al. (10) , while levels of intracellular survival of the WT and mutant bacteria were roughly equal over the ensuing 4 h (Fig. 1B) . Since bacterial replication within murine BMDMs can sometimes be inefficient, we examined intracellular replication in murine macrophage cell line J774. There we found a difference between ⌬spyA and WT GAS intracellular growth levels, as the ⌬spyA strain replicated much more rapidly than the WT strain from 2 h to 4 h (see Fig. S2B in the supplemental material).
To further evaluate whether SpyA influences bacterial killing by macrophages by the use of gain-of-function analyses, we used Staphylococcus aureus RN4220 as a heterologous host to express SpyA (see Fig. S3A in the supplemental material). Intracellular bacterial survival was diminished in BMDMs infected with S. aureus pSpyA (Fig. 1C) , indicating that SpyA triggers macrophage signaling to restrict bacterial growth. J774 murine macrophages were transiently transfected with Myc-SpyA or DsRed-SpyA expression vector followed by infection with SpyA-deficient GAS (see Fig. S3B ). Macrophages expressing SpyA (Myc-SpyA and DsRed-SpyA) exhibited reduced bacterial burden compared to control cells (untransfected and DsRed transfected). Reduced bacterial burdens in SpyA-transfected cells and SpyA-expressing S. aureus corresponded to higher lactate dehydrogenase (LDH) activity in BMDMs during infections (see Fig. S3C and E). Cells expressing the catalytically dead SpyA E187A mutant showed higher bacterial burdens and lower LDH release similar to those observed with the ⌬spyA mutant (Fig. 1D) . We conclude that expression of SpyA, but not of an active-site mutant of the toxin, can increase macrophage bacterial clearance.
SpyA promotes cell death and caspase-3 activation in a manner independent of mitogen-activated protein kinase (MAPK) and NF-B signaling. Initiation of programmed cell death by host immune cells can limit bacterial infection (reviewed in references 16 and 26) . Measuring cell viability using calcein-AM (which stains live cells) and ethidium homodimer-1 (which stains ruptured cells), we saw significantly less death after 4 h in ⌬spyA-infected BMDMs than in those infected with the WT or complemented GAS strains ( Fig. 2A) . LIVE/DEAD cell staining illustrated rounded and shrunken morphologies consistent with the presence of dying or dead cells in macrophages infected with the WT strain or the complemented strain. On the other hand, many cells infected with ⌬spyA remained viable, with spreading cell morphology similar to that seen with uninfected cells (Fig. 2A) . Dead-cell counts from multiple experiments showed 40% to 50% higher death in BMDMs infected with WT and complemented strains than in those infected with a ⌬spyA strain (Fig. 2B ). Corroborating these results, lactate dehydrogenase (LDH) release, another marker of cytotoxicity, was significantly reduced during ⌬spyA mutant infection (Fig. 2C) .
Two major types of programmed cell death have been described: apoptosis and pyroptosis. Each finely orchestrated process can be activated upon recognition of unique microbial virulence structures through Toll-like receptors (TLRs) or NOD-like receptors (NLRs) (reviewed in reference 16). Through these pattern recognition pathways, pathogen exposure stimulates signaling cascades involving mitogen-activated protein kinase (MAPK) and p65 nuclear factor-kappa B (NF-B) pathways; activated NF-B subsequently modulates downstream targets to induce apoptotic or pyroptotic cell death (reviewed in reference 16). To ascertain whether SpyA induces cell death via MAPK and NF-B signaling, we examined the expression level of active forms phospho-p44/42 MAPK (extracellular signal-regulated kinase 1 and 2 [ERK1/2]) ( Fig. 2D ) and phospho-NF-B/p65 (Fig. 2E) . SpyA did not alter the abundance of either active protein, suggesting that SpyA generates macrophage cytotoxicity in a TLR-independent manner. To decipher whether SpyA-induced cell death is linked to apoptosis, we examined apoptosis-inducing factor (AIF), cytochrome C, and caspase-3. While GAS infection did not alter AiF expression (Fig. 2F) , a significant increase in cytochrome C abundance followed infection with the WT strain but not the ⌬spyA strain (Fig. 2G ). Caspase-3 was also specifically activated in the presence of SpyA, as demonstrated by the increased cleavage shown in Western blot analysis (Fig. 2H ). This result was verified in a commercial assay, which utilizes fluorescent substrate rhodamine 110 [bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-aspartic acid amide)] (Z-DEVD-R110) to measure the activity of caspase-3 and caspase-7 (Fig. 2I) .
SpyA stimulates a caspase-1-dependent inflammatory response and IL-1␤ production in macrophages. As SpyA induced macrophage cell lysis and LDH release, a frequent readout for proinflammatory cell death (23, 27) , we asked if SpyA contributed to release of cytokines associated with bacterial clearance. Activation of caspase-1, a key regulator of pyroptosis, was measured using fluorescent probe 6-carboxyfluorescein (FAM) YVADfluoromethyl ketone (FMK). The proportion of the FAM YVAD-FMK-stained population was markedly reduced in ⌬spyA-infected BMDMs compared to WT-infected BMDMs after 2 h (3% versus 18%) ( Fig. 3A and B) . Active caspase-1 p10 subunit levels were also diminished in ⌬spyA-infected cell lysates and supernatants, which contained mostly noncleaved pro-caspase 1 (Fig. 3C) . To characterize GAS association with active caspase-1,
FIG 1
SpyA-deficient GAS bacteria evade macrophage killing. To measure total and intracellular killing, BMDMs isolated from C57BL/6 mice were activated through overnight incubation in DMEM supplemented with 2% FBS. (A) Total killing was measured by recovering total CFU of cells infected with GAS (AP) at an MOI of~10 after 2 and 4 h. (B) Intracellular killing was assessed by recovering CFU from cells infected with GAS for 30 min followed by 100 g/ml of gentamicin treatment (1 h); levels of internalized bacteria were monitored over 2 and 4 h in serum-free media. (C) BMDMs were infected with S. aureus RN4220 at an MOI of~5, and intracellular killing was monitored at 4 and 6 h. (D) Transfected J774 cells were infected with ⌬spyA GAS for 2 h in 2% FBS media for a total killing assay. Data shown are representative of the results of multiple repeats. Error bar; SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; n.s. ϭ not significant; n ϭ 3 (Student's two-tailed unpaired t test or one-way ANOVA and Tukey's multiple-comparison test).
we immunostained bacteria using anti-M1 protein antibody coupled with FAM YVAD-FMK staining. While a large population of WT bacteria colocalized with active caspase-1, reduced colocalization was observed with ⌬spyA GAS (see Fig. S4 in the supplemental material). Caspase-1 activation is required for secretion of proinflammatory cytokines IL-1␤ and TNF-␣, which is downstream of IL-1␤. We found that ⌬spyA GAS-infected BMDMs produced less transcript (measured by reverse transcription-PCR [RT-PCR]) and protein (measured by enzyme-linked immunosorbent assay [ELISA]) for both IL-1␤ and TNF-␣ ( Fig. 3D and E) . Additionally, BMDMs infected with SpyA-expressing S. aureus showed 5-fold-increased IL-1␤ secretion compared to those infected with control S. aureus (Fig. 3F) . Together, these results indicate that SpyA contributes to caspase-1-dependent IL-1␤ release by BMDMs.
GAS SpyA expression is associated with increased bacterial clearance and reduced mortality in mice. Finding that SpyAmediated proinflammatory IL-1␤ release is important for bacterial clearance by BMDMs, we investigated whether these results could be recapitulated in an animal systemic infection model. When CD1 mice were challenged intravenously with GAS (2 ϫ 10 5 to 4 ϫ 10 5 CFU), we found that animals challenged with ⌬spyA mutants suffered significantly higher mortality than those infected with WT GAS (Fig. 4A ). Death in ⌬spyA mutant-infected mice was observed as early as 2 days postinfection, whereas mortality of the WT-infected mice did not begin until 4 days postinfection. Twenty days postinfection, 60% of the WT strain-infected mice survived whereas only 30% of the ⌬spyA mutant-infected mice survived (Fig. 4A ). To assess severity of disease, we enumerated bacterial CFU from heart, spleen, brain, lung, and blood 2 days postinfection and found that CFU levels in organs from animals infected with the ⌬spyA mutant were 10-fold to 20-fold higher than the levels in those infected with the WT strain ( Fig. 4B  and S5 ). Higher titers of ⌬spyA GAS were recovered from spleen as early as 12 h postinfection and from blood by 24 h postinfection (see Fig. S5 in the supplemental material). This corroborates our finding of higher CFU levels recovered from ⌬spyA mutantinfected BMDMs (Fig. 1A and B) . Furthermore, mice infected with the pSpyA-complemented mutant strain exhibited reduced bacterial colonization of heart and lung compared to those infected with the ⌬spyA mutant strain (Fig. 4C) . Corresponding to the increase in bacterial burden, ⌬spyA mutant-infected mice failed to generate a robust inflammatory response during early infection (6 h), as levels of IL-1␤ and other proinflammatory cytokines, including TNF-␣ and IL-6, were significantly lower in those mice than in the WT strain-infected mice (Fig. 4D) . However, as the infection progressed to 24 and 48 h, the level of proinflammatory cytokines in ⌬spyA mutant-infected mice became significantly elevated, tracking the bacterial burden, severity, and lethality of systemic disease observed in these animals (Fig. 4D) .
GAS SpyA activation of a caspase-1-dependent inflammasome response is required for bacterial clearance by cultured BMDMs and in vivo. We next explored whether the SpyAinduced caspase-1-dependent IL-1␤ proinflammatory signaling in BMDMs and in vivo ( Fig. 3E and 4D ) correlated with the observed decrease in bacterial recovery (Fig. 1A and B and 4B ). BMDMs were treated with general pan-caspase inhibitor ZVAD followed by GAS infection. As a result of interference with multiple caspase activities, recovery of WT GAS was augmented to a level consistent with ⌬spyA mutant infection (Fig. 5A) ; similar results were obtained with caspase-1 and caspase-4 Pan-Caspase inhibitor Ac-YVAD-CHO (Fig. 5A ). To validate a contribution of caspase-1 in promoting macrophage bacterial killing, we repeated the challenge using BMDMs from casp-1 Ϫ/Ϫ casp-11 Ϫ/Ϫ mice (referred to here as Casp-1 Ϫ/Ϫ ). Through Western blot analysis and YVAD-FMK staining, we confirmed that these mice express neither pro-caspase-1 nor active caspase-1 in their BMDMs (see Fig. S6A and B in the supplemental material). In WT BMDMs, ⌬spyA mutant infection was associated with lower LDH release levels and higher bacterial survival levels than those seen with the Western blot illustrating the abundance of pro-caspase-1 and its p10 subunit in GAS-infected BMDM cell lysates and caspase-1 p10 subunit released in the supernatants (Sup). Data represent densitometry quantifications illustrating average levels of active caspase-1 p10 expression in lysates and supernatants relative to pro-caspase 1 expression. Error bars, SEM. *, P Ͻ 0.05 (n ϭ 3). Experiments were performed in duplicate using BMDMs isolated from four different C57BL/6 mice. (D and E) Real-time qPCR (D) and ELISA (E) quantification of IL-1␤ and TNF-␣ transcripts and proteins produced by BMDMs infected with GAS 2 h after total killing (n Ͼ 3). (F) IL-1␤ released by BMDMs after 4 h infection with S. aureus RN4220 expressing pSpyA or control vector (n ϭ 4). Error bars, SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (Student's two-tailed unpaired t test). UI, uninfected.
WT GAS strain. The LDH release result was reversed in BMDMs from Casp-1 Ϫ/Ϫ mice, which showed impaired killing of GAS (Fig. 5B) , consistent with the result seen with caspase-1 inhibitor treatment (Fig. 5A) . These findings suggest that bacterial killing is significantly improved by caspase-1-mediated proinflammatory cell death.
In addition to caspase-1 processing, IL-1␤ processing is often associated with inflammasome complexes comprised of NLRP3 and adaptor protein ASC. These components are central caspase-1 regulators that rapidly oligomerize to form the NLRP3 inflammasome and that mediate IL-1␤ signaling and proinflammatory cell death upon bacterial stimulation (14, 16) . Consistent with findings in Casp-1 Ϫ/Ϫ BMDMs, the survival advantage of the ⌬spyA mutant over the WT GAS strain was eliminated in Nlrp3 Ϫ/Ϫ , Asc Ϫ/Ϫ , and IL-1␤ Ϫ/Ϫ BMDMs (Fig. 5C ). With IL-1␤ production blocked in Casp1/NRLP3/ASC-deficient macrophages (Fig. 5D) , the survival advantage of the ⌬spyA mutant over the WT GAS strain was eliminated, likely due to a lack of IL-1␤ to trigger recruitment of antimicrobial effectors or of proinflammatory cytokines to restrict bacterial survival (14, 16, 17) .
Since SpyA stimulated caspase-1-derived IL-1␤ release to attenuate GAS growth in assays of macrophages, we predicted that blockade of IL-1␤ signaling in vivo would result in greater bacterial growth and accelerated mortality. Anakinra (Kineret; 100 mg/kg of body weight), a nonglycosylated recombinant human IL-1␤ receptor antagonist, was administered at 12-h intervals to block IL-1␤ signaling in mice (28) . Mice treated with anakinra succumbed significantly earlier to WT GAS infection and suffered higher bacterial loads than phosphate-buffered saline (PBS)-treated control mice (Fig. 5E) . No significant differences in the mortality levels of ⌬spyA mutant-and WT GAS-infected mice were observed in the setting of anakinra treatment (Fig. 5E) , with similar bacterial loads enumerated in heart, spleen, lung, and liver of anakinra-treated mice, regardless of the presence or absence of FIG 4 GAS SpyA expression is associated with increased bacterial clearance and reduced mortality in mice. CD1 mice were infected with 2 ϫ 10 5 to 4 ϫ 10 5 CFU of WT, ⌬spyA, or ⌬spyA plus pSpyA GAS (AP) via tail-vein injection. (A) Survival kinetics of infected mice monitored over 20 days (WT strain n ϭ 20, ⌬spyA strain n ϭ 21). *, P ϭ 0.02. Statistical significance was evaluated using the log rank test with a 95% confidence interval. (B) Bacteria recovered from organs or blood of GAS-infected mice 48 h postinfection for CFU enumeration to assess bacterial burden (n Ͼ 12). (C) CFU levels recovered from heart and lung of mice infected with ⌬spyA plus pSpyA GAS (48 h) are significantly lower than those from ⌬spyA mutant-infected mice (n ϭ 6). (D) ELISA of proinflammatory cytokines from mouse blood serum isolate 6 h and 48 h postinfection (n ϭ 5 to 9). UI ϭ uninfected control, WT ϭ wild-type GAS. Error bars, SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (Student's two-tailed unpaired t test).
SpyA expression (Fig. 5F ). When recombinant IL-1␤ (10 ng/ml) was provided to BMDMs during macrophage killing assays performed with the ⌬spyA mutant, bacterial killing was restored to the levels seen with WT GAS infection (Fig. 5G) . Collectively, these results indicate that SpyA stimulates IL-1␤ production as a critical host defense response to impede bacterial growth in macrophages and in vivo.
Pseudomonas aeruginosa ADP-ribosyltransferase toxin A also triggers an inflammasome-dependent macrophage response to enhance bacterial killing. P. aeruginosa exotoxin A (PEA) is a well-characterized C3 family ADP-ribosyltransferase that targets host elongation factor 2 to induce a block in translation elongation (29) and programmed cell death (30, 31) . Given the functional similarity to SpyA, we investigated whether the bacterial clearance triggered by SpyA-mediated proinflammatory cell death could be recapitulated by PEA. We found PEA to induce macrophage cell death as measured by LDH release while upregulating transcription and protein expression of IL-1␤ and TNF-␣ by BMDMs (Fig. 6A to E) . BMDMs infected with a PEA-deficient (⌬toxA) mutant released significantly less LDH 2 h postinfection than WT P. aeruginosa-infected cells (Fig. 6F) , and the ⌬toxA mutant had greater total and intracellular survival ( Fig. 6G and H) (E) CD1 mice were infected with 7 ϫ 10 5 CFU of WT or ⌬spyA GAS (AP) via tail-vein injection (n ϭ 7 per group). Immediately after infection, anakinra (IL-1 receptor antagonist) was subcutaneously injected at 100 mg/kg over a 12-h interval until the end of survival curve. WT plus saline solution versus ⌬spyA plus saline solution, *, P ϭ 0.04; WT plus saline solution versus WT plus anakinra. **, P ϭ 0.0036; WT plus anakinra versus ⌬spyA plus anakinra, P ϭ 0.06; ⌬spyA plus saline solution versus ⌬spyA plus anakinra, P ϭ 0.07 (log rank test with 95% confidence interval); N.S., not significant (P Ͼ 0.05). (F) GAS-infected mice (n ϭ 8 to 10) were sacrificed 2 days postinfection; heart, spleen, and liver were harvested for CFU enumeration; no statistically significant differences were observed between WT and ⌬spyA-infected animals that received anakinra treatment or for ⌬spyA-infected animals with saline solution treatment. Closed symbols ϭ WT; open symbols ϭ ⌬spyA. Black ϭ control mice, red ϭ anakinra-treated mice. Error bars, SEM. Statistical analysis: *, P Ͻ 0.05; N.S., not significant (P Ͼ 0.05) (Student's two-tailed unpaired t test). (G) BMDMs in RPMI plus 2% FBS were treated with 1 or 10 ng/ml of recombinant mouse IL-1␤ (PeproTech, Rocky Hill, NJ) at the time of infection. Cells were washed and CFU recovered 2 h postinfection to assess bacterial killing. Error bars, SEM. *, P Ͻ 0.05; **, P ϭ 0.01; ***, P Ͻ 0.001; NS, not significant; n ϭ 3 (Student's unpaired two-tailed t test).
and reduced IL-1␤ induction (Fig. 6I) . Differences in bacterial recovery between WT P. aeruginosa infection and ⌬toxA mutant infection were abolished in BMDMs from NLRP3, ASC, and IL-1␤ knockout mice (Fig. 6J) . These results suggest that bacterial ADP-ribosyltransferase toxins could be a common pathogenassociated phenotype recognized by the innate immune system through inflammasome complexes in macrophages to initiate proinflammatory cell death, ultimately augmenting host bacterial clearance.
DISCUSSION
IL-1␤-dependent proinflammatory signaling is recognized as a key innate immune process supporting host defense against microbial infections. The importance of IL-1␤ in restricting microbial replication in macrophages and in vivo has been highlighted in a diverse range of intracellular pathogens, including Legionella, Salmonella, Mycobacterium, Yersinia, and Shigella spp., and even Leishmania parasites, to name a few (14, 16, 18, 23, 27, 32) . These intracellular microbes trigger caspase-1-dependent inflammasome activation, which leads to IL-1␤ secretion and initiates lytic cell death. Production of IL-1␤ is also essential to control intracellular growth of these microbes (14, 16, 18, 32) . GAS bacteria reportedly exhibit the capacity to stimulate the NLRP3 inflammasome via SLO, a pore-forming cytotoxin (24) , with unknown implications for invasive disease pathogenesis. Here we provide evidence that GAS SpyA, a C3 ADP-ribosyltransferase, activates a caspase-1-dependent IL-1␤ inflammatory response. SpyA mediates caspase-1 signaling to stimulate the IL-1␤ cytokine release necessary for a subsequent increase in bacterial killing of invasive M1T1 GAS in macrophages. Macrophages undergoing immunological cell death may release fewer bacteria, which could result in our observed phenotype of less bacterial recovery in GASinfected macrophages (23) .
SpyA contributes to bacterial clearance through canonical caspase-1-dependent processing to promote IL-1␤ activation and by increasing IL-1␤ transcription. Concurrent with increased recovery of the ⌬spyA mutant during infection, ⌬spyA mutantinfected macrophages displayed markedly reduced caspase-1 activity relative to WT-infected cells. In addition to caspase-1, SpyA appears to activate caspase-3 in a cytochrome C-dependent manner. Caspase-3 is traditionally associated with apoptosis and has also been characterized as a component of a strategy to limit replication of certain intracellular bacteria (33, 34) . For the pathogen BMDMs were seeded in 24 wells in 2% FBS media a day before infection. (A) LDH released by BMDMs treated with 100 ng or 500 ng of P. aeruginosa exotoxin A (PEA) for 18 h. (B to E) RNA and supernatants from BMDMs were isolated for real-time qPCR and ELISA to assess transcript and protein levels of TNF-␣ and IL-1␤ in BMDMs treated with PEA. (F) LDH assay of supernatants harvested from BMDMs 2 h after P. aeruginosa infection (n ϭ 4). (G and H) Total and intracellular killing of P. aeruginosa infected for 30 min at an MOI of~20, followed by a 1-h streptomycin treatment (150 g/ml). Cells were washed and incubated in serum-free media for 2 h to establish intracellular killing. (I) ELISA of IL-1␤ produced by P. aeruginosa-infected BMDMs 2 h postinfection. (J) BMDMs from Nlrp3 Ϫ/Ϫ , Asc Ϫ/Ϫ , and IL-1␤ Ϫ/Ϫ mice were isolated to assess intracellular killing of P. aeruginosa (2 h post-gentamicin treatment). Error bars, SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; n ϭ 3 (Student's unpaired t test or one-way ANOVA followed by Dunnett's test).
GAS, accelerated phagocyte apoptosis triggered by streptolysin is a known GAS virulence mechanism (35) . Because apoptosis is immunologically silent (13, 16, 20) , we suspect that its activation by SpyA is secondary to the propyroptotic effect in the contexts considered in this study.
Along with showing a diminished ability to kill GAS, ⌬spyA mutant-infected macrophages released less LDH, TNF-␣, and IL-1␤, consistent with impaired immune defense, thereby limiting the host's ability to restrict bacterial growth. The effect of SpyA in stimulating an innate host response that restricts bacterial survival is evident, as animals infected with SpyA-deficient GAS exhibited greater bacterial burden and mortality than those infected with the WT pathogen. In contrast, expression of SpyA in S. aureus or transgenic expression in macrophages significantly enhanced bacterial clearance. Our findings in GAS SpyA are consistent with the results seen with Legionella flagellin, which also activates caspase-1-dependent cytotoxicity in macrophages to restrict intracellular bacterial growth (23) . The same study also showed that expression of Salmonella flagellin in flagellin-deficient Legionella isolates restored caspase-1-dependent cytotoxicity to WT levels.
To delineate the importance of IL-1␤ in restricting bacterial growth, we examined caspase-1-, NLRP3-, and ASC-deficient BMDMs and found that SpyA-induced bacterial killing and proinflammatory cell death were diminished in the cells that lacked the ability to secrete active IL-1␤. Similar observations were made for Leishmania and Mycobacterium spp. in studies in which macrophages and mice deficient in IL-1R and caspase-1 were impaired in defense against infections (18, 32) . The critical role of IL-1␤ in clearance of systemic GAS infection was highlighted upon pharmacological treatment of infected mice with the IL-1␤ antagonist anakinra. The overall bacterial burden in multiple organs of WT GAS-infected mice was higher upon anakinra treatment, a difference especially pronounced in the heart tissue ( Fig. 5F ). In contrast, addition of purified IL-1␤ to ⌬spyA mutant-infected BMDM restored bacterial killing to WT levels. Therefore, our study results suggest that generation of IL-1␤ through caspase-1 activation is important for limiting bacterial replication and that blockade of IL-1␤ signaling increases bacterial burden in multiple organs to accelerate mortality.
It remains unclear precisely how SpyA is recognized by the inflammasome family to promote caspase-1-dependent IL-1␤ activation. Based on our finding that cells transfected with an activesite mutant allele, SpyA E187A , did not mediate effective bacterial clearance, we suspect that SpyA triggers IL-1␤ release related to perturbations caused by its ADP-ribosyltransferase activity on multiple host cell targets (12) . This possibility is supported by our finding that P. aeruginosa exotoxin A (PEA), a C3-like ADP ribosyltransferase toxin like SpyA, also rapidly stimulates LDH and IL-1␤ release by macrophages. Moreover, this toxin-mediated proinflammatory cytotoxicity improves bacterial clearing by BMDMs. We have initiated collaborative biochemical studies to identify the specific host substrate(s) that interacts directly with SpyA to activate caspase-1-dependent cytotoxicity.
Our use of the AP (covS mutant) GAS strain focused our attention on the bloodstream stage of the infection, and our data should not be extrapolated to suggest that SpyA stimulates GAS clearance at other distinct stages or foci of infection. Researchers who performed earlier studies speculated that in early, localized infections, SpyA effects that cause epithelial cell damage such as cytoskeletal protein rearrangement and programmed cell death (9, 10, 12) may promote survival within a skin abscess. Furthermore, during the initial stages of colonization and mucosal infection (e.g., pharyngitis), it is possible that GAS activation of host inflammatory responses results in preferential clearance of normal microflora, upon which the pathogen with its larger arsenal of immune resistance factors can occupy the evacuated niche, similar to a recent paradigm shift in our understanding of Salmonella gastrointestinal infection (36, 37) .
It is perhaps counterintuitive that GAS would produce a toxin that seemingly attenuates virulence in BMDMs and in the in vivo models used in this particular study. Legionella flagellin and Ipaf (a homolog of NAIP5) and Yersinia YopJ (an acetyl-transferase) also trigger caspase-1 expression, resulting in higher levels of LDH release and restriction of bacterial growth in macrophages, consistent with our findings with GAS SpyA (23, 27) . The role of a toxin of a potentially pathogenic bacterium in promoting virulence versus immune activation is likely to vary, based on the site, stage, and magnitude of infection, from simple colonization to systemic disease. An important emerging area of innate immune research is how the immune system recognizes toxic activities to elicit protective host defense programs. For example, the poreforming alpha-toxin of S. aureus elicits a NOD2-dependent, IL-1␤-amplified, and IL-6-mediated protective immune response (38) , anthrax lethal factor-mediated cell death triggered a protective ATP-and IL-1␤-mediated host defense program (39) , and pneumococcal neuraminidase is detected with ERK phosphorylation, NF-B activation, interleukin-8 release, and neutrophil extracellular trap formation leading to pathogen clearance in a lung infection model (40) . Only by understanding such dualities can we explain how the vast majority of encounters with pathogens are successfully resolved by innate host defenses.
MATERIALS AND METHODS

Animals.
Female CD1 mice aged 6 to 8 weeks (Charles River Laboratory, Hollister, CA) were infected with 3 ϫ 10 5 to 5 ϫ 10 5 CFU of GAS bacteria (AP strains) in PBS via tail-vein injection. For survival assays, mice (n ϭ 21) were monitored over a period of 20 days for mortality. For measurement of bacterial burden in organs, mice were euthanized 2 days postinfection by CO 2 asphyxiation; organs (liver, spleen, brain, lung, heart, and blood) were homogenized (using a Roche homogenizer) in 1 ml phosphate-buffered saline (PBS) with 1-mm-diameter zirconia/silica beads (BioSpec Products), serially diluted in PBS, and plated on ToddHewitt agar (THA) for CFU enumeration. All animal experiments were conducted under approved protocols and according to the regulations and guidelines of the Institutional Animal Care and Use Committee at the University of California, San Diego.
Bacterial strains and culture conditions. Human GAS serotype M1T1 5448 was isolated from a patient with necrotizing fasciitis and toxic shock syndrome (25) . An isogenic in-frame allelic exchange ⌬spyA knockout mutant was constructed by an established protocol (41) . Animalpassaged strains were generated as previously described (42) . Plasmidbased complementation of the ⌬spyA (AP) strain with pDCerm-SpyA (designated ⌬spyA plus pSpyA) was achieved using prior protocols (43) . For experiments, GAS were grown at 37°C overnight in Todd-Hewitt broth (THB) in stationary culture with 5 g/ml erythromycin for complemented strains containing the pDC erm plasmid. All infections were performed using the GAS AP strains unless stated otherwise. Heterologous expression of SpyA in S. aureus RN4220 was achieved by transforming S. aureus RN4220 with pDC erm or pDC erm -SpyA vectors following a previous protocol (44) . Transformed colonies were selected using 3 g/ml of erythromycin and confirmed by PCR and RT-PCR analyses. The P. aeruginosa PA14 WT and ⌬toxA strains were grown in Luria Bertani from uninfected or infected macrophages were harvested and diluted 2ϫ or 4ϫ in 96-well plates before being mixed with LDH reagent. LDH release was normalized to the percentage of uninfected cells or cells with transfecting reagent only. Cell viability staining was visualized using a LIVE/DEAD kit for mammalian cells (Invitrogen) following the manufacturer's protocol. The Apo-ONE Homogeneous caspase-3/7 assay (Promega) was performed per the manufacturer's protocol (47) .
Macrophage killing assays. Macrophage killing assays were performed as previously described (48), with minor modifications. Briefly, BMDMs were seeded at approximately 5 ϫ 10 5 cells in 350 l of DMEM-2% FBS in a 24-well plate. Overnight bacterial cultures were diluted 1:10 and subcultured for 2 to 3 h with shaking. BMDMs were infected with bacteria (GAS, S. aureus, or P. aeruginosa) at an MOI of 5 to 10. Plates were centrifuged at 600 ϫ g for 5 min to facilitate bacterial contact with macrophages. To assess total macrophage killing, cells were incubated at 37°C for 2 h, washed three times with PBS, detached with 100 l of 0.05% trypsin, and lysed with 900 l of 0.025% Triton X-100 -PBS. To assess intracellular survival, cells were incubated at 37°C for 30 min, quickly washed once with PBS, and replaced in serum-free DMEM-100 g/ml gentamicin to kill extracellular bacteria. After 1 h of incubation, cells were rinsed once with PBS and fresh serum-free DMEM for an additional 2 h before treatment with trypsin and Triton X-PBS as described above. Samples were serially diluted in PBS and plated on THB overnight for CFU enumeration. A similar procedure was utilized for THP-1 human monocytes and murine macrophage cell line J774.
Detection of caspase-1 activity. The level of active caspase-1 was detected using a FAM YVAD-fluoromethyl ketone (FMK) staining kit (Immunochemistry Technologies). BMDMs infected with the GAS WT strain or ⌬spyA mutant were washed and incubated with FAM YVAD-FMK for 1 h at 37°C and for 10 min with Hoescht stain according to the manufacturer's protocol. Active caspase-1 was visualized by the use of an Olympus BX51 fluorescence microscope fitted with appropriate filters, and numbers were counted in multiple fields (n ϭ 10) per sample. Experiments were performed in duplicate and repeated at least three times.
Membrane protein isolation and Western blotting. In a 24-well plate, 1 ϫ 10 6 to 2 ϫ 10 6 BMDMs were seeded per well in 350 l of DMEM supplemented with 2% FBS. In a 6-well plate, 2 ϫ 10 6 BMDMs were seeded per well in 1.5 ml of DMEM supplemented with 2% FBS. Cells were infected with GAS at an MOI of~10 to~20, and supernatants were collected for ELISAs. To harvest whole-cell lysates, cells were washed 3 times with PBS and treated with radioimmunoprecipitation assay (RIPA) lysis buffer (45) . To isolate membrane fractions, whole-cell lysates were sheared through needles of ascending gauges (18, 22, 25, 26 , and 30 gauge). Ruptured cell fractions were centrifuged at 3,500 ϫ g for 5 min. The supernatant was collected and centrifuged at 25,000 rpm at 4°C. The pellet containing the membrane fraction was collected for Western blot analysis using rabbit anti-SpyA (diluted 1:500 in Tris-buffered salineTween 20 [TBST] ). Protein abundances were determined in whole-cell lysates in RIPA lysis buffer and supernatants collected by trichloroacetic acid (TCA) extraction using the following antibodies: anti-phopho-p65, rabbit anti-phospho-pERK1/2, and rabbit anti-caspase-3 (Cell Signaling Technologies) (diluted 1:1,000 in 5% bovine serum albumin [BSA]-T-BST); mouse cytochrome C (BD Biosciences) (1:500 in TBS); mouse anti-␤-actin (Sigma Aldrich) (1:2,000 in TBST); and rabbit anti-caspase-1 p10 (Santa Cruz Technologies) (1:200 in TBST). Enhanced chemiluminescence reagent (PerkinElmer) was used for detection.
Statistical analysis. Experiments were all performed in triplicate and repeated at least twice. Error data represent standard errors of the means (SEM) (n Ͼ 3) of the results from experimental duplicates, triplicates, or quadruplets. Statistical analysis was performed using Student's unpaired two-tailed t test except for the survival assay, in which statistical significance was evaluated using the log rank test with a 95% confidence interval. Comparisons among three or more samples were evaluated using oneway analysis of variance (ANOVA) followed by the nonparametric Tukey's posttest. Comparisons of multiple samples were evaluated using ANOVA followed by Dunnett's or Tukey's test (Graph Pad Prism, version 5.03). * (P Ͻ 0.05), ** (P Ͻ 0.01), and *** (P Ͻ 0.001) represent statistical significance.
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